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Abstract
This work reports the development of an electrochemical sensor for the si-
multaneous determination of benzene, toluene and xylene (BTX). The sensor
was prepared by coating the glassy carbon electrode (GCE) with reduced gra-
phene oxide (RGO) film, decorated with gold nanoparticles (AuNP), by elec-
trodeposition. Surface modification with AuNP/RGO-GCE favored the elec-
tron transfer process and increased the active area, providing greater
sensitivity for the sensor. The AuNP/RGO-GCE sensor was characterized by
cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and
scanning electron microscope (SEM). Quantitative analyses of BTX were car-
ried out using the differential pulse voltammetry (DPV) technique, after opti-
mization of the parameters that influence the sensor performance. The sensor
showed a linear response in the 30–240 μM concentration range, with a de-
tection limit range of 1.8–2.2 μM, 2.2–2.7 μM, and 2.0–2.6 μM, and quantifica-
tion limit range of 6.2–7.3 μM, 7.2–8.9 μM, and 6.6–8.8 μM, respectively for B,
T and X. In addition to the satisfactory repeatability and stability, in the deter-
mination of BTX, the method still showed good selectivity even in the pres-
ence of molecules with similar chemical structure, such as: catechol, p-benzo-
quinone, resorcinol, ethanol, pyrene and in the presence of K+, Mg2+ and
Pb2+ ions. The device was successfully applied for the determination of the
analytes (BTX) in water samples from fuel station separator boxes, where re-
covery rates close to 100% (97.8% to 103.1%) were obtained. The results ob-
tained suggest that the AuNP/RGO-GCE sensor has strong potential for de-
tecting BTX in wastewater discharge from industrial processes.
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1 | INTRODUCTION

Contamination of soil, water and air by volatile organic
compounds is largely due to petroleum derivatives [1].
Among the aromatic hydrocarbons, BTX stand out as
contaminants [2] and are substances that cause great
concern due to their harmful effects on human health
[3, 4]. B is considered the most harmful among the BTX,
considered a human carcinogen, in which it favors the
risk of contracting leukemia and lymphoma [4, 5].

In Brazil, the maximum values established by the Na-
tional Council for the Environment (CONAMA) for re-
leasing effluents into water bodies are 1.2 mgL� 1 (B),
1.2 mgL� 1 (T) and 1.6 mgL� 1 (X) [6]. Considering the
management and disposal of process or production wa-
ter on offshore oil and natural gas platforms, brazilian
legislation establishes a monthly arithmetic average con-
centration of 29 mgL� 1, with a maximum value of
42 mgL� 1 of grease and oil [7]. In other countries, the es-
tablished limits of total oils and greases are between
15 mgL� 1 and 50 mgL� 1, as an example of the United
States, where the established limits are 29 mgL� 1 [8, 9],
and the United Kingdom that adopts a monthly limit of
30 mgL� 1 [10].

Different methods have been studied for the simulta-
neous determination of BTX, such as chromatographic
[11] and spectroscopic techniques [5, 12, 13], Raman [14]
and attenuated total reflection mid-infrared spectroscopy
[5, 12]. Chromatographic techniques, although efficient,
have some operational limitations, such as the high cost
and the need specialized technicians, in addition to the
use of bulky instrumentation, which makes monitoring
in the field difficult. Electrochemical sensors have high
sensitivity, high selectivity, high stability and good re-
producibility [15]. Different studies using metallic oxides
such as TiO2, Co3O4, WO3, ZnO, Cr2O3, SnO2, among oth-
ers, have been used as sensors for the individual or si-
multaneous determination of BTX [16–22]. Electro-
analytical techniques are considered simple and easy to
operate, resulting in time and cost savings compared to
chromatographic and spectroscopic techniques. Carrying
out extensive bibliographical research, in the Scopus and
Web of Science databases, for simultaneous electro-
chemical determination of BTX, only the work using
cathodically treated boron-doped diamond electrode was
found [23].

Researchers have improved the sensitivity and se-
lectivity of electrochemical sensors by modifying them
with different materials [24–27]. Graphene, amidst the
materials studied, has gained considerable relevance due
to its durability, flexibility, lightness, and properties such
as excellent electrical conductivity and high capacitance
[28]. Graphene oxide (GO) and reduced graphene oxide

(RGO) come from graphene, GO being the oxidized form
and RGO the reduced form. RGO can be obtained by
chemical, thermoelectrochemical or photothermal re-
duction [29, 30] Among these methods, electrochemical
reduction has been used due to its practicality in obtain-
ing the RGO, applying electrode potential to control the
degree of reduction of the RGO [31, 32]. Due to its ex-
cellent properties such as conductivity, thermal and
chemical stability, in addition to its large specific surface
area and high mechanical properties, RGO has been
widely used in several studies, including as sensors
[33, 34].

The metallic nanoparticles of noble metals have ex-
cellent electrochemical performance and excellent elec-
trical conductivity, being considered ideal for applica-
tions in electrochemical sensors [35], being able to help
in high electron transfer caused due to small size and
large surface area to volume ratio [36, 37]. AuNP has
been widely used to increase conductivity in addition to
accelerating charge transfer [38]. These factors corrobo-
rate to provide a better electrochemical response for the
sensor in terms of current, making them a considerably
ideal material for different applications such as chemical
and biological sensors [38, 39].

In this study, an electrochemical sensor was built
based on RGO-GCE modified with AuNP obtained by
electrodeposition, thus ensuring the control of the sensor
thickness, its reproducibility and stability, to con-
currently quantify BTX in wastewater, from the separa-
tor box of the fuel station. The presence of the nano-
materials AuNP and RGO in the modified surface
showed an increase in the electrode active surface and
electrical conductivity, leading to an improved perform-
ance of the electrochemical sensor, providing greater
sensitivity for the sensor.

2. | EXPERIMENTAL

2.1 | Reagents and apparatus

Potassium ferricyanide (K3[Fe(CN)6], purity: 99%), po-
tassium chloride, sodium sulfate, and acetonitrile (pu-
rity: 99.8%), benzene (purity: 99.8%), pyrocatechol (pu-
rity:�99.5%), p-benzoquinone (purity: 98%), pyrene
(purity: 98%), ethanol (purity:�99.8%), chloroauric acid
and graphene oxide suspension (GO, purity:>95%) were
purchased from Sigma-Aldrich. Sulfuric acid (purity: 95–
97% Merck, Germany), toluene (purity:>99.9%, Synth,
Brazil), xylene (purity:>98.5%, Neon, Brazil), resorcinol
(purity:>98%, Synth, Brazil), and sodium hydroxide
(purity: � 97%, Neon, Brazil) were also purchased. Lead,
potassium, and magnesium Standard Solution (at a
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concentration of 1000 mgL� 1 in 2% to 5% HNO3, 125 mL
package, uncertainty ’ 0.2%) were purchased from
Group Chemical Brazil. The 10 mM stock solution of
benzene, toluene and xylene were prepared in ultrapure
water with 20% (v:v) acetonitrile. Millipore ultrapure
water (R�18.2 MΩcm) was used in all experiments.

Electrochemical measurements were performed us-
ing Metrohm-Autolab model PGSTAT 302 potentiostat
coupled to a microcomputer controlled by NOVA 2.1
software. A conventional three-electrode cell was used:
working electrode (GCE Ageom=0.07 cm2), auxiliary
(platinum wire) and reference Ag/AgCl (KCl 3.0 M). A
magnetic stirrer was used for the convective transport
when necessary. All experiments were carried out at
room temperature (�25 °C). The morphological charac-
terization of the materials was carried out through scan-
ning electron microscopy (SEM) obtained from a scan-
ning electron microscope (Model 7500F, JEOL).

2.2 | Preparation of RGO-GCE

Before deposition process the GCE was polished with
0.3 μm alumina powder on a felt and electrochemically
subjected to successive potential scans into a solution
containing H2SO4 (0.50 M) in the � 0.50 V to +1.5 V po-
tential range, at 0.020 Vs� 1, to obtain a cyclic voltammo-
gram showing characteristics of a clean GCE.

The deposition of the reduced graphene oxide (RGO)
film occurred through a typical process reported in the
literature [39, 40]. The RGO film was prepared by elec-
trodeposition of a suspension of graphene oxide (Sigma-
Aldrich-USA), onto a bare surface of GCE based on pre-
vious work [39]. Parameters such as graphene oxide sus-
pension concentration, applied potential and deposition
time were optimized according to a previous work [39],
where 0.50 mg mL� 1 of graphene oxide suspension in
0.10 M Na2SO4 was electrodeposited at a potential of
� 1.5 V for 500 s. After modification, the electrode was
dried at room temperature.

2.3 | Preparation of AuNP/RGO-GCE

Gold nanoparticles (AuNP) were electrodeposited on the
RGO-GCE surface by chronoamperometry, applying a
potential of +0.4 V (vs. Ag/AgCl) for 600 s in a 0.50 M
H2SO4 solution containing 600 μM HAuCl4. The film was
obtained in 0.50 M NaOH by cyclic voltammetry with
30 cycles in the potential range (� 0.40 V to +0.50 V vs.
Ag/AgCl) with a scan rate of 0.050 Vs� 1 (Figure S1). The
entire process of optimization and characterization of
the film was carried out in previous work [39].

2.4 | Electroanalytical measurements

The electrochemical characterization of AuNP/RGO-
GCE was performed using CV and EIS techniques. CVs
were recorded at potentials ranging from 0.0 V to 1.9 V
with a scan rate of 0.050 Vs� 1. The EIS measurements,
carried out in a Faraday cage, were recorded at a poten-
tial of 0.22 V (vs. Ag/AgCl), in the frequency range of
0.10 Hz to 100 kHz.

For the electroanalytical application, AuNP/RGO-
GCE electrode was evaluated by Differential Pulse Vol-
tammetry (DPV) in the potential range from 1.0 V to
1.9 V. Firstly, the parameters were optimized varying
amplitude, pulse time and step potential. All these meas-
urements were carried out in the support electrolyte
H2SO4 0.50 M. The B was used as a model to optimize
the DPV parameters. Figure S2 (A and B) shows the
pulse amplitude tests in the range of 0.010 V–0.10 V, and
Figure S2C shows the pulse time from 0.10 s to 0.70 s.
The potential increment, in the 0.0010 V–0.0070 V po-
tential range is presented in Figure S2D. Based on these
experiments, the following parameters were selected for
future measurements: amplitude 0.060 V, pulse time
0.60 s, step potential 0.0050 V, and the scan rate result-
ing from the influence of the optimized parameters was
0.084 Vs� 1.

Calibration curves with the AuNP/RGO-GCE sensor
were obtained using the optimized DPV parameters. The
values referring to the limit of detection (LOD) and limit
of quantification (LOQ), as well as the standard devia-
tion of the intercept (SD), and the slope of the calibra-
tion curves (S) were determined using the classical stat-
istical approach based on the IUPAC definitions and
ACS [41] that shows that the limits=k × (SD/S) with
factor k=3 and 10, respectively.

2.5 | Real sample preparation and
quantification method

The wastewater sample was collected at a gas station lo-
cated in the city of São Luís, State of Maranhão, Brazil.
The sample was collected in an amber glass flask pre-
viously cleaned with Extran® solution and dried in an
oven at 100 °C for 24 h. During collection, the amber
glass vial containing the sample was kept in an ice bath
and then taken to the laboratory and stored at controlled
temperature (~4.0 °C) for a maximum period of 20 days.
The sample was diluted with 0.50 M H2SO4 solution, in a
proportion of 1 :1 (v:v) to perform electrochemical meas-
urements by differential pulse voltammetry (DPV). The
BTX concentrations in the sample were determined by
the standard addition method. To perform the recovery
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analysis, known amounts of BTX were added to the
original sample, using the methodology proposed by
Burns, Danzer and Townshend [42].

3 | RESULTS AND DISCUSSION

3.1 | Electrochemical and
morphological characterization

For evaluate the electrochemical properties related to
each modification, CV and EIS techniques were carried
out using 5.0 mM [Fe(CN)6]3

� /4� in 0.1 M KCl as an elec-
trolytic solution to monitor the change in electro-
chemical behavior during sensor formation. Typical re-
dox peaks were recorded for the bare GCE according to
Figure 1A (curve a). After modifying the GCE with RGO
(curve b) there was an increase in peak current (ΔIp=

23.3 μA), resulting from better electrical conductivity
and high surface-to-volume ratio compared to graphene
nanosheets. The addition of AuNP to the RGO-GCE
electrode (curve c) resulted in an even greater increase
in current (ΔIp=46.1 μA) in relation to the GCE. The
justification for this increase in current response is at-
tributed to gold nanoparticles, which contributed to en-
able the transfer of electrons by the electrochemical
probe, consequently making the sensor more sensitive
[43].

The electrochemical active area for AuNP/RGO-GCE
was calculated by CV in the presence of 5.0 mM [Fe-
(CN)6]3

� /4� in 0.1 M KCl, at different scan rates
(Figure S3) using the Randles-Sevcik equation Eq. (1)
[44].

Iap ¼ 2:69� 105 n3=2 A D1=2 C n1=2 (1)

where Iap reflects peak redox currents, A is the electrode
area, n is the electron transfer number (n =1), D is the
diffusion coefficient (7.6 μcm2s� 1), C is the concentration
of [Fe(CN)6] 3� /4� (molcm� 3) and ν is scan rate (Vs� 1).
Area values of AuNP/RGO-GCE and bare GCE were es-
timated in 0.082 cm2 and 0.065 cm2, respectively. These
results demonstrate that the presence of the AuNP/RGO
nanocomposite significantly improved the electrode
area, consequently improving the electrochemical re-
sponse of the target molecule on the electrode surface.

Furthermore, the surface roughness factor (Rf),
which has a marked effect on the manufacture of high-
quality modified electrodes, was calculated as the ratio
between the active area and the geometric area
(0.07 cm2). The Rf of AuNP/RGO-GCE was 1.2, which is
greater than that of the GCE, which was 0.9. Thus,

AuNP/RGO-GCE presents itself as a promising electrode
for electroanalysis applications.

EIS was used for the characterization of the electro-
chemical process on the electrode-electrolytic solution
interface. The electron-transfer resistance was studied
using a redox probe containing 5.0 mM K3[Fe (CN)6] in
0.1 M KCl. The typical diagram of EIS includes a semi-
circle and a straight line in the frequency range of
0.10 Hz to 100 kHz. The Nyquist diagram, in which the
imaginary impedance Z’’ is plotted against the real num-
ber, Z’, is shown in Figure 1B. The standard Randle’s
equivalent circuit [R(Q[RW]) was used for fit modeling
the EIS analysis for GCE and RGO-GCE, in which the
first resistance is Rs and consist of the solution resist-
ance. Q represents the constant phase element (CPE),
which is identified as pure capacitor and is related to the
double layer capacitance, and the second R represent the
charge-transfer resistance, Rct, and W the Warburg im-
pedance. The capacitance arc in the high frequency re-
gion and a Warburg impedance line in the low frequency
was observed for GCE and RGO-GCE, according to pre-
vious results reported in the literature [39, 45, 46]. The
Rct found for GCE was 687.3 Ω, while for RGO-GCE it
was 203.4 Ω, showing that the electron transfer resist-
ance on the electrode modified with RGO was approx-
imately 3.3 times lower. For AuNP/RGO-GCE, an Rct of
126.7 Ω was obtained, indicating that the modification
with AuNP in RGO-GCE can further facilitate the elec-
tron transfer. Thus, the results obtained show that the
modification of the electrode with RGO and AuNP was
successfully performed, in addition to improving the
electron transfer process.

The surface morphological analysis was performed by
SEM. Figure 2 shows surface morphologies of GCE,
RGO-GCE and AuNP/RGO-GCE using SEM. In
Figure 2A have the bare GCE image. Figure 2B shows
the image of a uniform electrodeposition of graphene
nanosheets with a distribution in the GCE. Figure 2C
presents as AuNP are dispersed uniformly in the gra-
phene nanosheets on the surface of the GCE. This in-
dicates the success of deposition of gold nanoparticles on
the RGO-GCE surface, with dimensions of �50 nm in di-
ameter. As can be seen in Figure 2C, AuNP/RGO-GCE
was successfully built.

3.2 | Electrochemical behavior of BTX
on the sensor and proposed mechanism

The electrochemical behavior of BTX was investigated
by CV (Figure 3), using the different electrodes (GCE,
RGO-GCE and AuNP/RGO-GCE), in H2SO4 0.50 M in
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the potential range of 0.0 V–2.0 V, with a scan rate of
0.050 Vs� 1, in the presence of 1.0 mM of BTX.

BTX oxidation can occur through different processes,
depending on the electrode [47–51]. In Figure 3A it is

possible to verify the response of the electrodes in the
presence of B with oxidation potential of 1.76 V (AuNP/
RGO-GCE), 1.77 V (RGO-GCE) and 1.81 V (GCE). As
can be seen in Figure 3A, in terms of current, the

F I G U R E 1 (A) CVs behavior of (a) bare GCE, (b) RGO-GCE, (c) AuNP/RGO-GCE in the presence of 5.0 mM K3[Fe (CN)6] in 0.10 M
of KCl at a scan rate of 0.10 Vs� 1. (B) Nyquist plot obtained for (a) GCE (b) RGO-GCE and (c) AuNP/RGO-GCE in the frequency range of
0.10 Hz � 100 kHz.
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F I G U R E 2 SEM images (A) bare GCE, (B) RGO-GCE and (C) AuNP/RGO-GCE.

F I G U R E 3 (A) CVs of electrodes GCE (black), RGO-GCE (blue) and AuNP/RGO-GCE (magenta) in the presence of 1 mM of B, (B)
1 mM of T and (C) 1 mM of X in 0.50 M H2SO4, scan rate=0.05 Vs� 1. (D) CVs of AuNP/RGO-GCE in the presence of 1.0 mM of X, T and
B.
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electrode AuNP/RGO-GCE presented a gain of ~44 μA
when compared to the GCE and ~25 μA when compared
to the RGO-GCE.

Second the literature [47, 48] B can be oxidized
through the evolution of oxygen to benzoquinone pre-
sumably by active oxygen adsorbed on glassy carbon
producing benzoquinone or quinone-like compounds
from an aqueous B solution [48]. In this study, second
Kim et al. [48] B oxidation reaction on carbon elec-
trode could be in the oxygen evolution region.

On the other hand, another work [47] presents an
electrochemical study of the B oxidation process in
aqueous solution on boron-doped diamond electrode,
through oxidation process, electrolysis and high-per-
formance liquid chromatography experiments. In this
study the complete electrochemical B degradation was
performed in electrolysis experiments in 2.5 V for 5 h.
The main products measured were hydroquinone, re-
sorcinol, benzoquinone, catechol and phenol. These
results [47, 48] corroborate with our results.

In the reverse scan, it is possible to observe the
presence of the cathodic peak at the potential of
~0.37 V for the three electrodes studied here.

This peak may be related to the presence of by-prod-
ucts formed through the electrochemical oxidation of B
which react with radicals (*OH) on the electrode surface
[47], such as: benzoquinone, hydroquinone [48], re-
sorcinol, catechol, benzoquinone [52, 53], phenol, hex-
ane and CO2 [54, 55]. Based in our recent work, we
could consider that despite the possibility forming differ-
ent by-products during the oxidation of B, the most like-
ly is the formation of benzoquinone which is sub-
sequently reduced to catechol taking into account the
potential obtained at ~0.37 V [47, 52, 56]. Further in the
study of scan rate, it is possible to analyze the effect of
the reversibility of catechol and quinone as they present
a reversible quinonic form.

Figure 3B shows the electrochemical response of
the electrodes to T, under the same conditions treated
for B. The peak potential found for the T oxidation
was 1.6 V, 1.63 V and 1.65 V for GCE, RGO-GCE and
AuNP/RGO-GCE, respectively. The sensor AuNP/
RGO-GCE presented a current delta of ~47.8 μA in re-
lation to the GCE and of ~24.7 μA in relation to the
RGO-GCE.

As can be observed the redox process of T oxidation
is in the same region of B oxidation, i. e. in the oxygen
evolution region. In the reverse scan, an anodic peak at
~0.31 V was found, possibly related to the reduction of
benzaldehyde produced in the oxidation of T, which is
reduced, possibly forming benzyl alcohol, which can
which can undergo oxidation to benzoic acid at ~0.35 V
[49, 50, 57].

Second the literature [49, 50] the electrochemical oxi-
dation of T to benzaldehyde was observed at a carbon
electrode via direct electron transfer [49]. In this study
the electrochemical conditions were optimized by mod-
ifying cell configuration, electrolyte, solvent, electrode
material, besides apply current for precise selectivity
control, what revealed that the selectivity of the T oxida-
tion reaction strongly depends on the applied current/
potential and anode material. In optimized electrolysis
conditions T was oxidized to benzaldehyde.

Another work [50] show the T oxidation to benzalde-
hyde on either a Pt/Ir or a mercury electrode by an elec-
trochemical process involving *OH radicals. In this
study, in the presence of T the *OH radicals oxidize the
-CH3 group to -CHO with 100% selectivity. Second the
authors, their results indicate that for the electro-
chemical systems studied no product other than benzal-
dehyde could be detected either with gas chromato-
graphic or with mass spectrometry.

Figure 3C shows the CV for the electrodes in the
presence of X, with peak potentials of 1.51 V (AuNP/
RGO-GCE), 1.52 V (RGO-GCE) and 1.54 V (GCE). In
terms of peak current, the modified sensor presented a
current gain of ~23.1 μA when compared to the GCE
and ~11.5 μA when compared to the RGO-GCE.

These results for X also show a redox behavior as the
other aromatic compounds of BT, i. e., in the oxygen evo-
lution region. Loyson et al. [51] studied the electro-
chemical oxidation of p-xylene (A) in methanol solutions
using graphite electrodes in tetraethylammonium p-tolu-
ene sulphonate as supporting electrolyte [51]. The study
showed that p-X is first oxidized to the intermediate 4-
methylbenzyl methyl ether (B), which is then further
oxidized to the corresponding acetal, 4-methyl benzalde-
hyde dimethyl acetal (C). The stepwise reaction (A!B!
C) is discussed, considering a parallel consecutive sec-
ond order kinetics in which solvent participation assists
in the electrochemical oxidation of the substrate,
through free radical reactions.

Balaganesh et al. [58] showed the oxidation of p-xy-
lene by electrolysis in an emulsion composed of a sub-
strate containing chloroform, 2% aqueous sodium nitrate
solution as mediator, and a catalytic amount of H2SO4, in
which p-tolualdehyde was produced as a byproduct final.

In spite of usually, X oxidation is not studied in aque-
ous media, in this work carried out the experiment in
aqueous acid solution and observed clearly the oxidation
of the compound X, as showed in Figure 3C. In the re-
verse sweep, no faradaic current was observed in the
studied range, demonstrating that X oxidation occurs ir-
reversibly.

Due to the synergistic effect caused by AuNP and
RGO on the GCE surface, the best conditions were
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obtained in terms of current peak potential for the
presentation of BTX using the AuNP/RGO-GCE sensor.
As showed in Figure 3D the CV for the AuNP/RGO-GCE
sensor in the presence of 1.0 mM of BTX, it is possible to
clearly observe the positions of the peaks corresponding
to each analyte, demonstrating that the electrode re-
sponds at distinct potentials for each of them BTX.

The effect of scan rate on the electrochemical behav-
ior of BTX was analyzed by CV using BTX 1.0 mM in
H2SO4. CVs were obtained at different scan rates ranging
from 0.10 Vs� 1 to 0.50 Vs� 1 for B (Figure S4A), T
(Figure S5A) and X (Figure S6A). Through the voltam-
mograms, it was possible to obtain a linear relationship
between log Ip vs. log υ for B (Figure S4B), T
(Figure S5B) and X (Figure S6B). The obtained equa-
tions, in terms of linear relationships, were: log I=0.7
log υ - 2.7 (R2=0.998); log I=1.1 log υ - 2.6 (R2=0.997)
and log I=0.8 log υ - 2.5 (R2=0.997), respectively. Ac-
cording to the literature, a slope of log I vs. log υ close to
0.50 can be attributed to the diffusion-controlled process,
while a slope of 1.0 is associated with the adsorption
process [59–61]. According to the obtained equations, a
slope of 0.7 was obtained for B, which falls between 0.5
and 1.0, indicating that the oxidation of B was controlled
by a mixed adsorption-diffusion process on the AuNP/
RGO-GCE surface. This result is consistent with similar
studies reported in previous literature [62].

In an evaluation about the adsorption of B (data not
shown), it was observed that when exposed the electrode
AuNP/RGO-GCE in a B aqueous acid solution (1 mM in
H2SO4 0.5 M), and the electrode was transferred to an
other media where there was only the supporting elec-
trolyte no peak was observed for B. However, it is waited
B is adsorbed on carbon electrode surfaces [63], but due
to its volatility it doesn‘t stay on the electrode surface.

For T, an angular coefficient of 1.1 was obtained,
which can be attributed to the adsorptive process [64].
For X, a value of 0.8 was obtained, similar to B, indicat-
ing a mixed process of adsorption-diffusion on the sur-
face of AuNP/RGO-GCE [65]. In this case, the results
show a behaviour more adsorptive for X.

Different of B, the same experiment to evaluate ad-
sorption was carried out for B and X, showing that these
two compounds were transferred attached on the elec-
trode surface to another medium containing only the
supporting electrolyte (data not shown). In these cyclic
voltammetry experiments, characteristic peaks of T and
X were observed, at the same potentials (1.52 V and
1.40 V, respectively), observed when scanning is carried
out in a solution containing both compounds.

The ratio of E vs. log υ for B (Figure S4C), T
(Figure S5C) and X (Figure S6C), shows a slight shift of
E to more positive values as the scan rate increases,

which suggests the irreversibility of the reaction in the
electrode for all compounds. The relationship between E
vs. log υ can be expressed by the Laviron equation [66],
when the sweep rate is greater than 0.20 Vs� 1, according
to the following Eq. 2:

E¼E0 þ 2:303RT=anF½logðRTko=anFÞ� log u� (2)

Where ’α’ is the charge transfer coefficient for the
molecule oxidation, ’k0’ is the standard heterogeneous
rate constant of the reaction (s� 1), ’υ’ is the scan rate (V
s� 1), ’E0’ is the formal redox potential (V), ’T’ is the tem-
perature (K), ’R’ is the universal gas constant (8.314 J K� 1

mol� 1), ’n’ is the number of electrons involved in the rate
determining step, and ’F’ is Faraday’s constant (96485 C
mol� 1).

According to the experiments carried out, the rela-
tionship between the oxidation potentials and log υ
(0.20 Vs� 1–0.50 Vs� 1) for BTX can be given by the equa-
tions below. B: E=0.05 log υ+1.8, R2=0.996, T: E=0.1
log υ - 1.7, R2=0.996, and X: E=0.1 log υ+1.6, R2=

0.998.
Thus, ’αn’ values were calculated from the slope of

these equations, for B (1.1), T (0.6) and X (0.6). As re-
ported by Bard, Faulkner and White [67] the theoretical
value of ‘α’ for an irreversible process is 0.50, so the cal-
culated values of ‘n’ for B, T and X were 2.2, 1.2 and 1.2,
respectively. The results found for ’n’ indicates that two
electrons were involved in the B oxidation process, and
one electron in the oxidation of T and X.

The value of ‘k0’ was also calculated to inform about
the speed of the electron transfer process involved in the
oxidation of B on the electrode surface. For this, the
Eq. 10 was used. The E0 value was obtained using E vs. υ
for B (Figure S4D), T (Figure S5D) and X (Figure S6D).
Considering the linear regression intercepts for B (E=

0.06 υ+1.8), T (E=0.2 υ+1.4) and X (E=0.1 υ+1.5),
and υ=0, E0 values were obtained as being 1.8 V, 1.4 V
and 1.5 V vs. Ag/AgCl, for BTX, respectively. Thus, it
was possible to obtain the following values for k0 at
298 K 62.6 s� 1, 68.2 s� 1 and 25.8 s� 1, for B, T and X, re-
spectively.

The surface concentration of BTX in AuNP/RGO-
GCE was calculated using Eq. (3) [68].

Ip ¼ n2F2AGu=4RT (3)

In this equation, ‘A’ is the active surface area of the
sensor in cm2, ‘υ’ is the scan rate, ‘n’ is the number of
electrons, ‘Ip’ is the respective peak current, and ‘Γ’ is a
surface concentration in mol cm� 2. The ‘Γ’ found values
for BTX were 5.8 nmol cm� 2, 3.9 nmol cm� 2 and
3.1 nmol cm� 2, respectively.
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Considering the found in the literature [47–51, 63],
what was discussed above, and the characteristics of the
electrode material [39] used in the present work, we pro-
pose the following detailed description of the oxidation
reaction mechanism for the studied aromatics (BTX), as
below:

Firstly, each subtract, “S” (BTX) is adsorbed on the
electrode surface (surf.).

AuNP=RGO-GCEþ S!

ðAuNP=RGO-GCEÞ=Ssurf:
(4)

When a potential above 1.3 V is reached, the dis-
charge of water occurs in available active sites on the
electrode surface “(AuNP/RGO-GCE)/S”, with the for-
mation of hydroxyl free radicals (*OH) that remain phys-
ically adsorbed on the electrode surface, according to
Eq. 5, below:

ðAuNP=RGO-GCEÞ=Ssurf þH2O!

ðAuNP=RGO-GCEÞ=S=ð.OHsurf:Þ þHþ þ e�
(5)

In the next step, the organic molecules (S), on the
electrode surface, react with highly reactive oxidizing
species (*OHsurf.), on the electrode surface, according to
the Eq. 6, regenerating the electrode and generating oxi-
dized by-products (SOx).

ðAuNP=RGO-GCEÞ=S½.OHsurf:� !

ðAuNP=RGO-GCEÞ þ SOx þ nHþ þ ne�
(6)

Considering all discussion above, and the number of
electrons calculated for BTX (n=2 for B, and 1 for T and
X), the specific oxidation reactions for the three ar-
omatics (BTX) are presented in Scheme 1.

3.3 | Possibility of simultaneous
determination of BTX

To evaluate the possibility of simultaneous determi-
nation of BTX, tests were performed using voltametric
techniques. CV (Figure S7A) and DPV (Figure S7B) with

S C H EME 1 BTX oxidation mechanism.
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concentration of BTX of 1.0 mM for CV and 200 μM for
DPV in H2SO4 0.50 M solution. Both techniques allowed
the identification of characteristic peaks for each analyte.
Through VPD, it was possible to obtain a clearer position
of the peaks for each analyte: B (1.7 V), T (1.5 V), and X
(1.4 V). This result clearly proves the possibility of simul-
taneously determining the analytes. In order to obtain
the best conditions to concurrently quantify BTX, the ef-
fect of the support electrolyte concentration (H2SO4) was
evaluated in the 0.1 M - 1.0 M concentration range,
through peak currents comparison for BTX. DPV profiles
(Figure S8) in the presence of BTX, showed that the best
response in terms of peak current was obtained at the
concentration of 0.50 M of H2SO4, with an average differ-
ence of current of 0.50 μA in relation to the concen-
tration of 0.1 M and 0.2 μA in relation to the concen-
tration of 1.0 M. DPV voltammograms in 0.50 M H2SO4

showed good peak potential separation, approximately
0.11 V between X and T and 0.20 V from T to B. The ob-
served peak separation clearly allows simultaneous de-
termination of these compounds [23].

3.4 | Analytical performance

The DPV technique was used to determine the BTX
with the AuNP/RGO-GCE sensor, and using the pre-
viously optimized parameters it was possible to build
the analytical curves for BTX, determining each ana-
lyte individually or simultaneously. Individual meas-
urements took place in two ways: firstly, the analytical
curve was obtained for each analyte BTX separately,
varying the concentration from 20 μM to 160 μM, as
can be seen in Figure S9. Subsequently, the analytes
were determined by changing the concentrations of

one analyte, while the other two were kept constant
(100 μM) as shown in Figure 4. Analyzing the curves
obtained, it was observed that the respective curves
showed good linearity for B, T and X in the 30 μM–240
μM concentration range. It is possible to visualize in
Figure 4 that the peak potentials of the three analytes
were well separated by the AuNP/RGO-GCE sensor
and the anodic peak current of each species was di-
rectly proportional to their concentrations. These re-
sults demonstrated that increasing the concentration
of an analyte does not significantly influence the de-
tection of the other two compounds. Values in details
of the analytical curves, such as equations of the
straight line, limit of detection (LOD) and limit of
quantification (LOQ), can be seen more clearly in
Table 1.

In Figure 5 it can be seen the DPV response with
AuNP/RGO-GCE in the simultaneous determination
of BTX in the concentration range of 30 μM to 240 μM.
Figure 5A shows the three well-defined anodic peaks,
with the peak currents of all analytes increasing pro-
portionally to their concentrations. The excellent line-
ar relationship between peak current (Ip) values and
concentrations is shown in Figure 5B–D, and the three
clearly visible peaks indicate that the AuNP/RGO-GCE
can be used for the simultaneous and accurate de-
tection of the three analytes, showing that the re-
sponse of one analyte does not significantly interfere
with the determination of the others. The values refer-
ring to the analytical performance, including linear
range of the equation, limit of detection (LOD) and
limit of quantification (LOQ) for the individual and si-
multaneous detections of BTX using the proposed
method are summarized in Table 1. The values ob-
tained for LOD and LOQ are within the acceptable

T A B L E 1 The analytical performance for individual and simultaneous determinations of BTX by DPV with the AuNP/RGO-GCE.

Analyte Linear range (μM) Linear equation R2 LOD (μM) LOQ (μM)

Ba 20–160 I=0.015[B] � 2.5×10� 7 0.999 1.8 6.2

Ta I=0.012 [T] � 1.2×10� 7 0.998 2.2 7.2

Xa I=0.014 [X] � 2.3×10� 7 0.997 2.0 6.6

Bb 30–240 I=0.013 [B]� 3.4×10� 7 0.998 2.1 7.2

Tb I=0.011[T]� 2.1×10� 7 0.997 2.3 7.7

Xb I=0.010 [X]� 2.8×10� 7 0.995 2.2 7.5

Bc 30–240 I=0.0075 [B]� 1.8×10� 7 0.999 2.2 7.3

Tc I=0.0052 [T]� 8.3×10� 8 0.998 2.7 8.9

Xc I=0.0048 [X]� 1.2×10� 7 0.997 2.6 8.8
a Individual analysis.
b Analysis of each analyte in the presence of the two others.
c Simultaneous analysis.
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range for BTX determination, according to the
legislation for the treatment of industrial waste efflu-
ents [6–10].

The comparison of the AuNP/RGO-GCE sensor
with similar ones reported in the literature is shown
in Table 2. The data in this table shows that in

comparison with previous literature, AuNP/RGO-
GCE can simultaneously detect B, T and X with sen-
sitivity similar to that of the literature with low de-
tection limits. It is important to mention and take
into account that from the electrochemical point of
view, only the work using the boron-doped diamond

F I G U R E 4 AuNP/RGO-GCE DPV sensor in H2SO4 (0.5 M), (A) 100 μM of each of T and X, B in the concentration range of 30 to
240 μM. (B) 100 μM of each of B and X, T ranging in concentration from 30 to 240 μM. (C) 100 μM of each of B and T, X varying the
concentration from 30 to 240 μM. The linear relationship between peak current (I) and concentrations of (D) B, (E) T, and (F) X.

T A B L E 2 Comparison of different modified electrodes for BTX determination.

Electrode Technique

Linear range (μM) LOD (μM)

ReferencesB T X B T X

BDDa SWV 20–200 20–200 20–200 0.3 0.8 0.9 [23]

AuNP/RGO-GCE DPV 30–240 30–240 30–240 2.2 2.7 2.6 This work
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F I G U R E 5 (A) DPV curves of AuNP/RGO-GCE in H2SO4 (0.50 M), containing 30 μM–240 μM BTX; linear relationship between peak
current (Ip) and concentrations of (B) B, (C) T, and (D) X.

T A B L E 3 Determination of BTX in a water sample from the fuel station separator box.

Analyte Add (μM) Found (μM) Recovery (%) RSD (%)

B – 63.5�2.1 – –

80 145.5�1.9 102.5 2.5

120 185.5�1.8 101.6 1.9

160 221.7�2.3 98.8 2.0

T – 83.4�2.0 – –

80 162.2�2.1 98.5 3.8

120 205.5�1.7 101.7 2.2

160 247.3�2.1 102.4 1.4

X – 79.7�1:0 – –

80 157.9�1.2 97.8 2.1

120 202.1�1.0 102.0 2.2

160 244.7�1.2 103.1 1.8
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electrode for simultaneous determination of BTX
was found.

3.5 | Reproducibility and repeatability,
stability and selectivity of AuNP/RGO-GCE

The reproducibility, repeatability and stability of AuNP/
RGO-GCE were investigated in H2SO4 (0.50 M) contain-
ing 150 μM BTX using the DPV technique. The sensor
reproducibility was investigated using six different sen-
sors (1 to 6) prepared independently under the same
conditions as showed in Figure S10A. The relative stan-
dard deviations (RSD) obtained were: 2.8% for B, 3.3%
for T, and 3.1% for X. The repeatability was evaluated 10
successive times with the same modified electrode
(Figure S10B). The RSD obtained for the analytes were:
1.5% for B, 2.4% for T, and 2.6% for X. The sensor stabil-
ity was measured after sensor storage for 30 days at an
ambient temperature of 25 °C (Figure S10C). The results
showed that the sensor still presented for 90.8% for B,
91.2% for T, and 92.2% for X of their initial currents af-
ter this period, demonstrating that, in fact, the sensor
presents good stability. The results clearly indicate that
AuNP/RGO-GCE has good repeatability, reproducibility
and stability, suggesting that the proposed method is
suitable for the simultaneous determination of BTX.

The interference evaluation for the sensor AuNP/
RGO-GCE was evaluated in the presence of possible in-
terfering compounds, such as: catechol, p-benzoquinone,
resorcinol, ethanol, pyrene, ions of K+, Mg2+ and Pb2+.
The study was carried out using a BTX concentration of
1.50 μM, in H2SO4 0.50 M, and ratios of 1 :1 and 1 :10 of
analyte: possible interferent. The results obtained in the
presence of these compounds showed relative standard
deviation values ranging from 0.6% to 5.1%, as can be
seen in Table S1. Based on these results, it can be con-
cluded that the proposed method using DPV did not
present significant interference for the detection of BTX
in the presence of these possible interferents.

3.6 | Real sample analysis

To verify the performance and applicability of the proce-
dure, the electrochemical sensor was applied to the de-
termination of BTX in wastewater samples, from the sep-
arator box of gas stations, using the standard addition
method to determine the concentration of BTX, as
shown in Figure S11A. Standard aliquots of BTX were
added in the concentration range of 80 μM to 160 μM.
Through Figure S11 B, C, and D the following equations
were obtained: Ip=0.0034 [X]+3.0×10� 7; Ip=0.0022

[T]+1.8×10� 7, Ip=0.0026 [B]+1.7×10� 7, for X, T and B,
respectively. According to the results presented, it was
possible to find BTX in the studied samples, obtaining
through the extrapolation of the straight lines obtained
(Figure S11B, C, D) the concentrations of 130.8 μM,
163.6 μM and 176.4 μM for B, T and X, respectively. It
was considered the dilution process described in the top-
ic “Real sample preparation and quantification method”.
The values found for BTX are about 8.5, 12.5, and
11.7 times higher than the values established by Brazil-
ian legislation (CONAMA Resolution number 430/2011
[6]) for B, T, and X, respectively. These results indicate a
necessary treatment of the analyzed effluents so that the
water is within the quality standards established by the
resolution. The results regarding the recovery study are
summarized in Table 3, showing a variation from 97.8%
to 103.1%, which indicates that the method has a rela-
tively good degree of accuracy, and the proposed sensor
can be applied successfully to determine BTX in in-
dustrial wastewater samples.

4 | CONCLUSION

The present work reported the development of AuNP/
RGO-GCE sensor based on reduced graphene oxide com-
bined with gold nanoparticles. The modified electrode
was successfully characterized by cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS) and
scanning electron microscope (SEM), and the data ob-
tained showed that the AuNP were efficiently synthe-
sized on the RGO-GCE surface. The electrode mod-
ification plays a key role in improving the sensor
performance, which can be attributed to the increase in
the conductive surface area of the material, thus favoring
the electron transfer process and the consequent in-
creased anodic peak current and high conductivity
caused by the application of AuNP on the RGO-GCE.
The suitable properties of the proposed sensor enabled
its application toward the simultaneous determination of
BTX in wastewater samples using the DPV technique.
Considering criteria such as simplicity of handling, low
cost, good reproducibility, repeatability and low influ-
ence of the possible interferent studied, the proposed
electrochemical sensor is presented as a viable alter-
native for the simultaneous determination of BTX in real
water samples.
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